Natural Synchrony Of Newborn Mouse Epidermal Cells In Vitro  by Elgjo, Kjell et al.
l'HJ..: JOutH"Al. OJ' IN\' .:sT1C:Ann: DEHMATOLOGY. 66:292-296. 1976 
CopyriJ:"hl © 1976 by The Will iams & Wilkins Co. 
Vol. 66. No.,) 
Prin( ed in U.S.A. 
NATURAL SYNCHRONY OF NEWBORN MOUSE EPIDERMAL CELLS IN VITRO 
KJELL ELGJo. M .D. ·. HENRY HENNIN GS, PH .D .. DELORES MICHAEL. ANI) STUART H. YusP ... . M . D . 
In Vitro Pathogenesis Section. Experimental Pathology Branch, Division of Cancer Cause and Prevention. National 
Cancer In,'it.itut.e. Bethesda, Maryland. U. S, A . 
Epidermal cells were separated from newborn mouse skin and grown on glass cha mber 
slides or in plastic Petri dishes. Cell proliferation was examined at short intervals during the 
fi rst 3 to 4 days in culture. DNA synthesis was estim ated by the incorporation of 
I'H Jthymidine int.o epidermal DNA. or by the labeling index. The mit otic rate was estimated 
by blocking mitoti c cells with vinbl astine . Reasonable ag-reement was found with the 
different methods. The cells grew synchronously with pea ks of DNA synthesis at 21 to 23 hr, 
35 to 40 hr. and 60 hr: peak mi toti c rates were seen at 44 to 48 hr and 72 to 76 hr . The cells 
appeared to grow ex ponen ti ally during the first 3 to 4 days in cult ure. wit.h one main cohort of 
cells dividing dur ing the successive proliferative peaks. 
The usefulness of an in vi tro system depends to a 
large extent on the inherent characteristics of the 
cell li ne or t he cell type grown in cu lture. This is 
especiall y relevant when normal cells a re used . 
Established or t ransformed cell lines Lend to have a 
fai rly predictable exponential growth pattern. 
while the proliferative characteristics of norm al. 
primary cell cultures must be determined by 
mapping the growt h pa ra met.ers over a cert.ai n 
period of t ime . 
In our laborat.ory, primary cultures of newborn 
mouse epidermal cells have been used in studies of 
the molecular mechanism of chemi cal carc inogene-
sis [1.2] and for testing the influence on growth 
and differentiation of so me physiologic substances 
like vitamin A (3.4\. Similar in vit ro syst ems of 
primary mouse epiderm a l cell cu lt ures have been 
described by other investigators [5.6]. We felt that 
a detailed exa mination of the growth kinetics of 
the primary mouse epiderm al cell cu ltu res was 
necessary t.o enable uS to interpret experimental 
results with more confidence. DNA synthesis and 
the mit otic rate were examined every few hours for 
the fi rst 96 hr of growth in vit ro. 
MATERlAL:i A7'\D METHODS 
Epidermal ce ll s from newborn BALB/c mice were 
isolated as previously described 13]. They were ~eeded at 
24 )( 10' cells per 20 ml medi um in 150- mm Falcon 
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plastic ce ll cultu re disheg (1.6 >., 1 0 ~ ce ll s/cm 2 ) or a t 1.6 ')., 
10' cell s in Lab·T ek cultu re glass chamher slides No, 
4802 (3 x 10~ cells/cmf) . Medium 199 plus 11 ~ fetal calf 
serum (Reheis FCS) and 1!!f antibiot ic- an t imycot.ic mix -
ture (CIBCO. Grand Island. K .'t'.J was used as g-rowt h 
medium. The medium was changed every 24 hr a ft er 
seeding except in one group that was seeded at midnight 
and had the first medium change after on ly 12 hr. 
Autoradiopraphy. Cells growing in g-lass cha mber 
slides were exposed to 1.0 .ue i/rnl of Jmethyl-3H Jthymi -
dine ((3H ]TdR\ (New England Nuclear. Boston, Mass .. 
6.; Ci/m M) ror 1 hr. Afte r washing with ('old PBS the cells 
were fixed in 1:3 glacial acetic acid:elhanol fo r 10 min. 
washed in waler. and dried in ai r. The sl ides were then 
dipped in NTB-2 emulsion (Eastman Kodak. Rochester. 
N.Y.1. dried. and stored at 0- 4°C fo r 2 weeks. Afte r 
development (Kodak 019 Developer) t he autoradiographs 
were stained with Giemsa fo r 20 to 30 min, or wi th 
Mayer'~ hematoxylin for 2 to ~l min . Labeled cell s were 
cOl!nted per 1.000 cel ls. A nucleus was considered labeled 
when it wa!' co \'ered by 5 or more grains . 
In corpora tion of [J H ]TdR into DNA. Epidermal cells 
growing in 150-mm plastic Petri dishes were labe led with 
13 H r rdR (I.uCi /ml l fo r 1 hr. washed twice with PBS. and 
frozen al - 20 °C unti l processed. The cell~ were thawed, 
sc raped. cent rifuged, was hed :1 times with cold 2 ~ (v/\") 
PCA and twice with ethanol. R:-..'A wa~ hydrolyzed with 
0.3 N KOH at 37°C fo r 1 hr. afte r which 70ri(. p eA was 
added to a final concenlra1 ion of 2 (~ t.o precipitate t he 
re maining protein and DNA . The resulting pellet was 
hydrolY7.ed in 5'i; PCA at 90°C for 20 min. An aiiQu(1\ of 
the hyd rolysa te was u.!'ed 1'01' estimat.inn of the amount of 
Dl\'A by the diphenyla mine reaclion 17 J: a second aliquot 
was coun ted in 10 ml of Instagel (Packard, Downers 
Grove, II \.) to quantitate tritium incorporated . The 
specific activ ity is expressed as cpm/.ug DNA . 
M itotic ra tes. VLB (Vel ban. Eli Lilly and Company . 
lndianapolis. ind .) was added to cells growi ng in glass 
chamber slides to a final concentration of 5 >. 10 a gm/ ml 
to arrest divid ing cells in metaphase. Preliminary experi-
ments had shown that VLB at th is concentration would 
arrest a ll mitoses for a period of at least 4 hr . Thus. t he 
cells we re incubated with VLB for 4 hr . fixed and washed 
as described above. and stained with Maye r's hematox-
ylin for 2 to 3 min . The number of mitotic figures per 1000 
cell s was determined . 
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RE ULTS 
Morphology 
The epidermal cells attached to the surface 
largely as aggregates during the first hours after 
seeding. Cells started to spread out from the 
aggregates after about 24 hr in culture, and in the 
following day they formed a sheet of cells around 
the central mass. The central part of the aggre-
gates usually contained birefringent material and 
the amount of such material increased with the 
time in culture up to 5 or 6 days. The cells in the 
center of the aggregates were often covered by the 
birefringent material, which appeared pink when 
stained with Ceimsa or blue with hematoxylin. 
Previous experiments had shown that the birefrin· 
gent material has histochemical charact.eristics of 
keratin 131. In the central parts of the aggregates, 
although labeled cells and mitoses were seen, the 
exact number of cells was difficult to evaluate . 
Labeled cells and mitoses were therefore scored 
only among the peripheral cells. 
Labeling Indices 
Glass chamber s lide cultures were given l-hr 
pulses with I'H TfdR at inlervals over a period of 
96 hr. figure 1 shows that the cells were well 
synchronized during this observation period with 
peaks of DNA synthesis al 21 to 22 hr, 39 to 40 hr. 
and 60 to 61 hr. A new peak of DNA synthesis 
seemed to occur at the termination of the experi-
ment at 96 hr . The first ~ peaks of DNA synthesis 
were separated by troug-hs with very low labeling 
indices . while the last 2 peaks were separated by a 
more sha llow trough . Moreover, each peak of DNA 
synt.hesis was higher than the preceding one. 
indicating that more cells were synthesizing DNA 
with increasing time in culture . 
I' HJTdR Incorporation into Epidermal DNA 
Cells in 150-mm Pelri dis hes were incubated 
with I'H JTdR fo r 1 hr al various times between 9 
and 72 hr after seeding the cult ures. The extent of 
I'H JTdR incorporated into DNA in 1 hr (expressed 
as specific aClivi ty of DNA in cpm/~g) is an 
estimate of the rate of DNA synthesis at each time 
poin\. As shown in Figure 2. small peaks of DNA 
synthesis were seen at 23 and 44 hr after plating'. 
with large peaks al 35 and 60 hr. Considering the 
expected differences in growth characterist.ics be-
tween the J.!lass cham ber slides and the plastic 
Petri dishes. the agreement of the times of peaks as 
determined by labeling index and by specific 
aeti"ity of DNA was good. With both methods. 
peaks were observed al 21 to 23 hr. 35 to 40 hr. and 
a l 60 hr. The significance of the small peak seen at 
44 hr (Fig. 2) is uncertain but it has been present in 
other experiments of si milar design . Although il 
was not noted as a distinct peak in the autoradio-
grahpic st.udy presented in Figure I, il may be 
included in the ralher broad second peak in that 
experiment. 
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FIG . 1. Epidermal cells growing in glass chamber slides 
were pulsed for 1 hr with [~H - rrdR (1 .u Ci/ml) at the 
indicated times . Labeled cells were count.ed among 1,000 
cells. Each circle represents one chamber slide. 
, 
[ 
150~ 
< 2 
C 100-
, 
, 
, ~ 
"'-
60 80 
HOURS 
FIG . 2. Epidermal cells growing In 150·mm plastic 
Petri dishes were pulsed for I hr with IlH rrdR t 1 .uCi /m}) 
at tbe indicated times . DKA was hvdrolvzed and its 
specific activity (cpm/.ug) determined : The· 8\"eraj?:e s pe-
c ific activity and range between duplicate dishes are 
ind icated for each lime point. 
Mitotic Rat es 
Chamber slide cultures were incubated with 
VLB at int ervals during the first 82 hr in cult ure. 
Figure 3 shows t.hat very few mit oses were found 
during the first 36 hr. It is quite possible Ihat the 
estimated mitotic rates found at these early time 
poin ts are tOO low. since only the peripheral cells 
were counted . as mentioned above. Mitotic figures 
that. were seen within the cent ral mult ilayered part 
of the aggregates were thus not registered. Later. 
peaks of mitoses occu rred at 44 hr and at 72 hr. At 
the time when the experiment was terminated the 
mitotic rate was again increasing. indicating the 
beginning of a third peak after 82 hr . In Fi~ure 3. 
the indicated time points represent the times when 
VLB was added to the medium. The acl ual mitotic 
FIG. 3. Epidermal cells growing in glass chamber slides 
were treated with VLB (5 x to- 8 gm/ml) for 4-nr 
intervals at the indicated times. Arrested mitoses were 
counted among 1,000 cell s. Each circle represents one 
chamber slide. Note that the times indicated by the 
ci rcles a re the time when VLB was added to the medium . 
peaks could therefore occur at any time during the 
4 hr following the indicated time points. 
\Vben Figures 1,2. and 3 are compared it is seen 
that the first peak of DNA synthesis was not 
followed by a detectable increased mitotic rate. 
The first peak of mitoses was found 5 to 9 hr after 
the 2nd peak of DNA synthes is. and the 2nd peak 
of mitoses 12 to 16 after the 3rd peak of DNA 
synthesis. 
Growth Fraction 
To get an estimate of the proportions of cycling 
cells and of post mitotic cells incapable of further 
divisions. cultures grown in chamber slides were 
continuously incubated with I'H JTdR. Fresh 
I'H ]TdR was added daily when the medium was 
changed. Fi gure 4 shows that the increase in the 
label ing indices was nearly proportional to time 
durin g the first 4 days. After day 4. the cu rve began 
to fl atten out and by d ay 8 it reached a plateau at 
about 70%. 
The experiment demonstrat.ed that while only 
few cells were cycl ing the first days in cul ture. by 
day 4 the growth fraclion had increased to about 
50%. The pl at.eau level of about 70 0/, after day 8 
indicates that some of t he cells which at.tached to 
the slide at seeding represented postmitotic cells 
not able to start a new division . 
One or More Cell Cohorts ? 
The synchrony of the epidermal cells in culture 
could result from two alternative mechanisms. 
First, the same population of cells could go through 
repeated waves of division at regular intervals. 
Since the labeling indices increased with each new 
peak of DNA synthesis, this would imply that the 
cells were growing in a more or less exponential 
ma nner . Second , new cohorts of ep idermal cells 
could start their DNA synthesis at different times 
after plating. In this case, t.he growth cou ld be 
either exponential or linear. To examine these 
poss ibilities. groups of chamber s lide cultu res were 
labeled with I'HTfdR at times of peak DNA 
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synthesis . The labeled medium was then removed 
and replaced with medium containing unlabeled 
TdR, and the cells fixed at the ti mes of peak 
mitotic rates. Both labeled and unlabeled mitotic 
figures as well as the labeling indices were esti-
mated . At least 50 mitotic figures were scored in 
each slide . 
The Table shows t.hat when the cells were 
labeled during the first peak of DNA synthesis at 
23 to 27 hr , only 6% of the mitoses were not labeled 
after the second peak of DNA synthesis. This 
finding indicates that the cells synthesizing DNA 
during the second peak, presumably giving rise to 
the mitoses. are t he same cohort of cells as that 
synthesizing DNA during the first peak . When 
CONTINUOUS lABEliNG WITH "1-1 . THYMIDINE 
100 r-----------------------------------, 
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FIG.4. Epidermal cells growing in glass cha mbe r slides 
were given 13 H ]TdR cont inuously from the t ime of 
plating. Chamber slides were fixed at the indicated times 
and labeled cells were counted among 1.000 ce lls. Each 
circle represents one chamber slide . 
TABLE. Radioactive labe/inp of epidermal rells in vit ro 
Cells growin~ in chamber slides were labeled with 
IlH ffdR (1 p.Ci /mll during the indicated int.ervals of 
time. corresponding to the va rious peaks of DNA synthe· 
sis . The cells were fixed at di ffe rent times afte r labeling 
and at times when many cells would be in mitosis. 
Labeled mitoses were scored among a t least 50-mitotic 
fi~u res . Labeled interphase nuclei were counted among 
1.000 cells . The figu res represent the means of two 
separate experiments differing by less than 10% of each 
value. Note that labeling for grou ps 1-3 was ror 4 hr. 
while labeling for groups 4-6 was ror II hr. times which 
correspond to the dura tion of the first peak of DNA 
synthesis (group 1- 3) and the second peak (~roups 4~5J or 
thi rd peak (group 6), respectively. 
Label ing Fixat ion Percetll Percent 
C roup interval time labeled labeled 
!hr ) (hr) cells milOses 
1 23~27 27 10 
2 23~27 49 38 94 
:l 23- 27 74 54 76 
4 34- 45 49 38 100 
5 34- 45 74 61 100 
6 59- 70 74 41 100 
May 1976 
ceJls were labeled dur ing the first peak of DNA 
synthesis at 23 to 27 hr and fixed at 74 hr , after the 
third peak of DNA synthesis. 24 % of the mitoses 
were unlabeled . This indi cates t hat a certain 
number of ceJl s that did not synthesize DNA 
durin g the first peak of DNA synthesis entered the 
proliferat ive pool afte r t he fi rst peak and possibly 
during the second peak of D NA synthesis. 
However. when the cells were labeled during the 
second peak of D NA synthesis at 34 to 45 hr and 
tixed at 49 hr or at 74 hr. respectively, all mitotic 
figures were label ed. A si milar result. was obt.ained 
by labeling ceJls du ring the thi rd DNA sy nthesis 
pea k (59- 70 hr ) and exam ining mitosis at the 
subsequent mitotic peak. This demonstrates that 
no, or very few , cells entered the proli ferative pool 
after the second peak of DNA synt hesis. 
The experiment also showed that when cell s 
were labeled during the first peak of DNA synthe-
s is at 23 \ 0 27 hr and examined at 27 and 49 hr , 
there was almost a 4-fold increase in the labeling 
indi ces between 27 hr and 49 hr. Th is rise in the 
number of labeled cells strongl)' ind icates that the 
cells had di \'ided tw ice between the two time 
points . The lack of a mitotic peak afte r the fi rsl 
peak of DNA synt hesis was therefore most proba-
bly due 10 the difficu lties imposed by the morphol -
ogy of the cell aggre~ates at the early times in 
culture. making it impossible to evaluate the real 
number of mitotic fi gu res. Furthermore. the in-
crease in the labeling indices from one t ime point 
to anot.her makes it probable that the cells were 
growing exponentially during-the fi rst 3 to 4 days in 
('ultu re. It ca n also be calcu lated from the labeling 
indices that the rate of cell loss from the cultures 
during t his period of time was equal to or greater 
than the rate of cell production. If there were no 
celt I05s. then t he increa~e in percpntage of cells 
labeled during the first peak but st udied aft er 
subseq uent peaks would diminish from the ideal 
geometric progress ion due to a correspondi ng in-
crease in the tot al population of cells. The almost 
4-fold increase of labeled cells from groups 1 and 2 
in the Table indica tes that during this interval of 
exponential growth there was also a corresponding 
period of cell loss. Similar conclusions can be made 
by comparing groups 1 and ~i. particul arl~' in light 
of the unlabeled c:vcling populat ion represent ing 
24 '}} of the mitoses in group 3. 
D1:-iCl ·SSIOr..; 
The synch ronous pattern of g-rowth presented in 
this study has been reproduced in multiple experi-
ment s in our labora tor.v. In some of these exper i-
ments the exact time after seeding when peaks of 
DN A synthes is and mitos is have occurred was 
shifted a few hou rs earlier or later than the times 
shown on Fi~uIes 1- 3. It is prohable that such 
small shifts in time sequence can be caused by 
differences in seeding density. by minor technical 
differences in the separation procedure, and by 
var iations in the average ag-e of the newborn mice 
used . Even though these procedures have been 
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standardized. it is difficul t to exclude small varia-
tions from one experiment to another. Preliminary 
studies a lso indicate that variat ions in serum 
concentrations in medium can influence both t he 
timing and the magnitude of the peak values. The 
observed variat ions in timing have been small 
enough so as not to interfere with t.he usefulness of 
this system for assay ing phase-specific effects of a 
chemical com pound . 
The synchrony in the newborn mouse epidermal 
cells du rin g the first days in cult.u re could be 
brought about by one or a combination of several 
factors. First, it. could be related to the regular 
changes of t he medium. This possibility was. 
however, ruled out in experiments (not presented 
here I in which we found that the synchrony was 
retained but t he amplitudes of the peaks reduced 
when the medium was changed only once at 24 hr . 
Second . the separat ion procedure itself could 
init iate a synchronous wave of mitoses that would 
be delayed because of the low temperature during 
the incubation with t r:vpsin. \\'ound ing of the skin 
181 or minor t.raumas like t ape stripping 19J or 
gen t le friction I10J are regularly followed by an 
increased rate of epidermal proliferat.ion . Third , 
the 24-hr incubation at 0- 4°C could delay prolifer-
ating cells. inducing a synchrony which would be 
seen when the cells were incubated at 37°C . It is 
unl ikely. however, that this would explain the 
sustained s~.mchIon.v for several days. since mam-
mali an ce lls do not usually exh ihit such a degree of 
synchrony after temperat ure shock \11 J. Al ,o. the 
lI':"'psin t reatmen t could contribute to the synch ro-
nization of the epidermal cells ·1J 2J. but here too. it 
is unlikelv that the epidermal cells would be 
inl1 uenced fo r a period of time correspondinv; to 
several generation times in cult ure. s ince trypsin 
t reat ment is usuall~' followed b~f a single wave of 
cell division 112J. 
Fourth . the synchrony of the epidermal cells in 
vitro might reflect event.s occurrin g: in vivo at the 
time of bi rth. For instance. st.eroid levels fall 
drasti(,ally at bi rth 113J. A sudden release from a 
corticosteroid -induced inhibition of cell prolifera-
t ion could theoret ically induce a synchrony of a cell 
population cultured from organs of newborn ani-
mal s. The fac t that a si milar synch rony has not 
been de monstrated in vivo [14] makes it less likely 
that such a change in hormone levels is the main 
cause of the synchrony obsen 'ed in our cultures. 
Lastly. the synchrony could be related to a 
sudden fall under in \'itro conditions in the concen-
t rat ion of normally occurr ing growth regulating 
su bstances. The rate of cell renewal or the normal . 
ad ult epiderm is appears to be regulated accord ing 
to a negative feedback principle 115.161. This 
theor~' implies that the diffe rent iating cells give 
continual information a bout t he need for new cells. 
This information is probably mediated by one or 
more mitosis-inhibiting su bstances (c halone ) pro-
du ced by the different iating cells 116). In such a 
syst em a sudden loss of inhibitor-producing differ-
entiating cells is followed by one or more waves of 
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cell division 18,15 J. In the newborn mouse epider-
mis the differentiated cell layer and t he granular 
cell layer are relatively thick. When the epidermal 
cells aTe cultured. only a minor proportion of these 
differentiated cells will attach to the slide, as 
demonstrated by the continuous labeling experi. 
ment (Fig. 41. It is therefore quite possible that the 
separation of the epidermis and the subsequent 
cell culture would result in the same reaction as 
that seen in vivo when many differentiating cells 
are suddenly lost. including waves of synch ronous 
divisions. 
There is. however. one major difference between 
an in vivo regenerative reaction and the pattern of 
cell growth found in the present study. In vivo. a 
sudden loss of epidermal cells is followed by one or 
more waves of DNA synthesis and mitosis with 
decreasing amplitudes 117 J. This is the type of 
reaction that can be expected in a system whose 
rale of cell proliferation is regulated by a negat.ive 
feedback principle 118J . In cont rast. the epidermal 
cells in vitro had a gro ...... 'lh pattern characteri zed by 
waves of DNA synthetis and mitosis with increas-
ing amplitudes . This would correspond to the 
pattern found in a system whose rate of cell 
proliferat ion is not controlled. or even where there 
is some kind of positive feedback 118J. The growth 
kinetic pattern in vitro thus indicat.es that the rate 
of cell proliferation is not reg-ulated by any inhibi-
tors during the first day in culture. This is sup-
ported by the linding that the growth most proba-
bl~' is exponential during this period of time. Such 
a pall ern of growth does not. however. imply that 
the growth of the epidermal cells in vitro is 
abnormal. E\'en in vivo. each division among the 
basal layer cells probably gives rise to 1 we new 
basal layer cells that both remain attached to the 
basement membrane for some time before one or 
both are pushed Oll t among the diffe rentiating cells 
[19J. [n vitro. the cells thus seem to retain their 
potential for exponential growth for an unusually 
long period of time . The continuous proliferation of 
epidermal cells during the fi rst 3 days in culture 
could be related to various factors. such as the 
absence of mesenchymal cells. or the lack of 
different.iation-inducing substances. as discussed 
by Wessels 120 J. 
The presence of a nat ural synchrony in a n in 
vitro system is potentially usefu l in several ways. 
Various chemical compounds like carcinogens can 
be examined for their effect on specific phases of 
the cell cycle without any prior interference with 
the cell metabolism. On the other hand, the 
pronounced synchrony during the first few days in 
culture could also lead t.o difficulties in interpreta-
tion of the results. Thus, if a certain compound 
changes tbe natural rhythm so that the peaks of 
DNA synthesis and mitosis occur at other time 
points, a comparison with the controls at one point 
in time only could easi ly result in the conclusion 
Vol. 66. No . .5 
that the examined compound stimulated or inhib-
ited the rate of cell proliferation, while it actually 
only altered the times at which the peaks of 
proliferation occu rred. 
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